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Table 1.1 Elastic SCF in square plate with hole subjected to out-of-plane bending
(Radius and Thicknesses in inches, Stresses in psi)
r t 2r/t Mises Far SCF
(max) (Mises) ABAQUS Theory
0.5 0.05 20.000 1162.0 640.8 1.813 1.804
0.5 ~ 0.1 10.000 295.2 160.4 1.840 1.822
0.5 0.12 8.333 206.3 111.4 1.852 1.830
0.5 0.14 7.143 152.5 81.83 1.864 1.838
0.5 0.16 6.250 117.5 62.65 1.875 1.847
0.5 0.18 5.556 93.37 49.49 1.887 1.856
0.5 0.2 5.000 76.08 40.09 1.898 1.865
0.5 0.25 4.000 49.39 25.65 1.926 1.891
0.5 0.3 3.333 34.17 17.81 1.952 1.917
0.5 ·0.35 2.857· 25.89 13.08 1.979 1.945
0.5 0.4 2.500 20.07 10.01 2.005 1.973
0.5 0.45 2.222 16.05 7.912 2.029 2.000
0.5 0.5 2.000 13.16 6.408 2.054 2.028
0.5 0.55 1.818 11.00 5.296 2.017 2.054
0.5 0.6 1.667 9.340 4.450 2.099 2.080
0.5 0.7 1.429 7.003 3.269 2.142 2.127
0.5 0.8 1.250 5.463 2.503 2.183 2.170
0.5 0.9 1.111 4.392 , 1.978 2.220 2.209
0.5 1 1.000 3.615 1.602 2.257 2~245
0.5 1.5 0.667 1.713 0.7123 2.405 2.387
0.5 2 0.500 1.008 0.4007 2.516 2.488
0.5 4. 0.250 0.2755 0.1002 2.750 2.687
0.5 6 0.167 0.1267 4.4509E-02 ,. 2.847 2.768
0.5 10 0.100 4.6865E-02 1.6027E-02 ·2.924 2.842
0.5 100 0.010 4.8115E-04 1.6019E-04 3.004 2.965
0.5 200 0.005 1.2032E-04 4.0047E-05 3.004 2.973
0.5 500 0.002 1.9254E-05 6.4075E-06 3.005 2.978
0.5 1000 0.001 4.8135E-06 1.6019E-06 3.005 2.979
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Chapter 2
ANALYSIS OF A SQUARE PLATE WITH A HOLE
2.1 OVERVIEW
Chapter 1 states that elastic analysis ~fa square plate with a hole were previously
performed and results were obtained which indicates a. need for further studies. Also,
results obtained from employing ABAQUS closely matched those results obtained from
theory.
Using the same geometry as the previous chapter, plastic analysis is performed to
estimate the strain range and the plastic behavior of a material under cyclic loading.
Plastic analysis is performed on two types of loading; in-plane forces and out-of-plane
bending moments are employed since a knuckle in a torispherical is subjected to traction
and moments. In addition, the concept of shakedown and the characteristics of elements
in ABAQUS for a plastic analysis are examined.
2.1.1 Geometry
The geometry shown in Figure 1. 1 is the fun shape of a square plate with a hole
at the center. The model will analyze a quarter of the size of the actual plate. .Uniaxial
traction· is-applied··to-one-edge,away-fr-om-the-hole,while-the--epposite-edge,adjaeent~to
the hole is subjected to symmetry constraints. This geometry has three length
dimensions: edge length of the quarter-plate b, hole radius a, and plate thickness t. For
19
the present analysis, the square plate has dimensions b = 10 in., a = 0.5 in., and t = 0.125
m.
The finite element model for the -current-analysis-is- shown in Figure 2.1 (a), with
the critical element numbers indicated. To acquire accurate results near the hole, a BIAS
parameter [12] given by ABAQUS is employed and 20 elements are generated around
the hole. The boundary and load conditions are shown in Figure 2.1 (b).
2.1.2 Elements in ABAQUS
ABAQUS provides shell elements for the purpose of various analyses. For a
stress/displacement analysis in a torispherical head, S8R and S8R5 with 8 nodes for
definition, are employed.
Element type S8R with six degrees of freedom, Ux, uy, uz, <l>x, Qly, and <Pz" per
node, is normally employed for thick shell applications with respect to the Reissner
theory ofplates and can be used for modeling cases at which transverse shear flexibility
is important. Therefore, the transverse shear resultant forces, Q, are not zero [15,16]:
y~ = py +w, y --------------------------------- (2-1)
where Yzx yyz = the transverse shear strains
Px py = rotation angles ofthe normal ofthe reference plane
~__~~ ~w'x~,.)' = derivatives ofdeflection with resgect to x and 'i
Qy =GAy y: ------------------------------------(2-2)
where Qx Qy = the transverse shear resultant forces
20
A = the section area
On the other hand, element type S8R5 employs five degrees of freedom, Ux, uy,
uz, and two in-surface rotations, per node, which is intended for thin shell application
with respect to the classical plate theory. Therefore, when transverse shear stress is not
important, this element can be used.
Analysis results of simple models including element S8R and S8R5 are compared
in Table 2.1; the maximum stress for both S8R and S8R5 is found at the same location,
element 20 (EL20), and the stress concentration factors for each are similar in
magnitude, suggesting that either element can be used for an elastic analysis without any~
problems if the external force is tension or moment. However, in plastic analysis, if
bending from an external force is found as a secondary effect, employing the S8R5
element is not appropriate because the S8R5 element uses 5 degrees of freedom at all
nodes and does not calculate for the effects of transverse shearing. When this element is
..
employed for plastic analysis while a rotation of the normal of element from transverse
shearing is produced in the plastic region, after many iterations, ABAQUS issues error
messages pertaining to equilibrium convergence. The S8R5 element cali besWitcned to
an element which uses 6 degrees of freedom at all nodes, like S8R element, if the
following conditions are met [12]:
When any nodes~~!t!gJ1!cl!!~~d in the S8R5 element
• has a *BOUNDARY condition on a rotational degree offreedom, or
• is involved in an MPC that employs rotational degrees offreedom, or
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• is attached to a beam or a shell element that uses six degrees of freedom at all nodes,
or
• is a point where different elements have different surface normals, or
• is loaded with moments,
that it· seems that this element can not fully support material behaviors in the plastic
region. Therefore, for the plastic analysis which may retain transverse shearing, the S8R
element is a better choice than the S8R5 and all models analyzed for the present thesis,
are constructed by using the S8R element.
2.1.3 Shakedown
In low cycle fatigue, shakedown is one of t~e important factors. Shakedown
occurs when cyclic loads are applied to the material, after first yielding, there exists no
further plastic straining for a number of cycles. When in-plane traction, far from a local
discontinuity, reaches limiting values, yielding begins around the local discontinuity,
assuming elastic-perfectly plastic material behavior. If the edge traction increases
further, plastic strains are produced at the local discontinuity. Then, if unloading occurs
and the far-field traction is reduced back to zero w!~hout any reverse yielding and if no
additional plastic strain is produced, shakedown is achieved. Kalnins and Updike [17]
examine the ways in which shakedown is achieved by calculating the stress intensity
range being cycled. They introduce yield surface of von Mises theory to explain whether
or not shakedown is achieved.
22
c2.2 TRACTION BY IN-PLANE FORCES
The types of applied loads should be defined as concentrated forces in order to
solve problems by using the ABAQUS FE code, since elements used in a square plate are
shell elements, S8R, having eight nodes for definition. Concentrated forces applied to
the boundary nodes are calculated by employing a finite element method (FEM) [17]
"
shown in Figure 2.1 (b) with vector magnitudes.
2.2.1 Elastic Analysis
The elastic stress concentration factor (SCF) and the location of the highly
stressed element are obtained from an elastic analysis; the results indicate that if a far-
field stress, Sll =26.67, then the most highly stressed element lies'at the rim of the hole,
element 20 (EL20 in Figure 2.1 (a», and its value, Sl1 = 80.22, which confirms that
SCF = 3. Also, the maximum stress of element 1 (EL 1 in Figure 2.1 (a» is S22 = -
26.89 which validates equation (1-4), which predicts that 822 is equal to the negative
far-field stress. The deformed shapes around the hole are elliptic and are shown in
. Figure 2.2.
2.2.2 Plastic'Analysis
2.2.2.1 Traction up to Shakedown Limit
When the in-plane traction in the far-field reaches a third of the yield strength,
Y/3, yielding begins in element 20 (EL20), assuming elastic-perfectly plastic material
behavior. Increase in edge traction results in plastic strains at the hole. However, if a
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comparison of the stress and the total strain in EL20 at the hole is desired, the plastic
straining in EL20 can only be determined from elastic-plastic analysis. The stress versus
strain relation from elastic-plastic analysis, assuming that the material is initially stress-
free, is shown in Figure 2.3.
Figure 2.3 indicates that the external load is applied initially at Point 0 until the
first yield, which occurs at Point A and continues to yield to Point C. The first half cycle
is defined as OA under elastic deformation and AC under plastic deformation. When the
far-field stress, (jo = 2Y/3, the total strain in EL20 is at Point C with value, Ell =
0.00458. If the far-field stress is reduced back to zero, unloading at EL20 follows the
elastic curve, down to Point D, with rio reverse yielding. If further cycling occurs, the
stress follows the path between Point C and Point D, hysteretically. Since no reverse
yielding occurs, the straight path is completely elastic, which means shakedown is
achieved. Thus, (jo = 2Y13 is the highest traction at which shakedown occurs when SCF
=3.
The cycled equivalent strain range is calculated as ERangc = 0.00274. By using
ERangc , the alternating stress being cy(;l~~ after obtaining shakedown can be calculated:
1
(j all = 2 ERangeE ------------------------------------------~------------- (2-3)
where OBIt = alternating stress being cycled
ERangc = equivalent strain range being cycled
E = Young's modulus
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Point B in Figure 2.3 represents a fictitious elastic stress while the distance
between Point G and Point B is a fictitious elastic strain. Furthermore, since the line OB
and CD are of equal length and oriented at the same angle, the fictitious elastic
equivalent strain, Ecq =0.00274; in this case, the elastic analysis gives the same result for
the total strain estimate as the plastic analysis.
2.2.2.2 Traction past Shakedown Limit
Even though the far-field edge traction greater than 0'0 = 2Y/3 may not be
permitted in some design codes, it is of interest to inquire how Figure 2.3 would change
if this limit was exceeded. Assume that the far-field stress 0'0 goes up to SY/6 then
returns back to zero, repetitively reloading and unloading. Figure 2.4 indicates that
when the far-field stress is increased, the first half~cycle follows the path OAC. The total
strain in EL20 is at Point C and has the value of Ell = 0.00958. Compared to Figure
2.3, the total strain in EL20 is 2.09 times larger at Point C while the far-field stress is
1.25 times greater. During unloading, the second half-cycle goes from Point C to D
elastically but reaches the compressive yield stress from Point D to E, without any
increase in compressive stress, but with reverse yielding. Further cycling is indicated by
the parallelogram CDEF. Clearly, plastic strain is produced for each cycle. The cycled
strain range of Ell equals EllRangc = 0.00369, which is indicated by the difference in
strain at Point C and E. Based on von Mises theory, the equivalent strain range is
calculated as ERangc = 0.00374.
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Table 2.1 Comparing element types, S8R5 versus S8R, with elastic analysis
(Stresses in ksi)
TENSION MOMENT
Applied GAUSS MAX Stress Applied GAUSS MAX Stress
Load Point S8R5 S8R Load Point S8R5 S8R
(500F) (600F) (500F) (600F)
1 1 79.54 79:55 1 1 75.37 75.80
1 5 79.54 79.55 1 5 75.37 75.80
2 1 78.98 78.97 2 1 75.47 75.33
26.6667 2 5 78.98 78.97 40.0000 2 5 75.47 75.33
3 1 19.93 79.93 3 1 75.99 76.05
3 5 79.93 79.93 3 5 75.99 76.05
4 1 79.35 79.35 4 1 - 75.36 75.59
4 5 79.35 79.35 4 5 75.36 75.59
EL# EL20 EL20 EL20 EL20
SCF 2.997 2.997 1.900 1.901
--
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Chapter 3
ANALYSIS OF A SQUARE PLATE WITH A NOZZLE
3.1 OVERVIEW
In the previous chapters, a square plate with a hole as a local discontinuity has
been investigated. Now, a model with an addition of a nozzle to the hole, where the
nozzle is welded to the plate, is examined using elastic analysis as shown in Figure 3.1.
Welding defects such as porosity, slag inclusions, shrinkage cracks, and surface
roughness, can 8.ffect the stress concentration of the material and reduce the strength.
However, in the present study, it is assumed that the metallurgical structure of the weld
metal is identical to the parent metal and assumed that there are no flaws due to welding.
.When edge traction produced by in-plane forces is applied to a structure, bending
occurs in the vicinity· of the nozzle. A section of the nozzle is modeled with
axisymmetric elements, as shown in Figure 3.2 and the deformed shape with respect to
the edge traction is shown in Figure 3.3. In Figure 3.3, the nozzle part is deformed
downward from the vertical axis and bending action is clearly present. For this
configuration, the maximum stresses -h-ave oeen-f6u-nd experimenfally at two locations
[18]: the inside comer, A, and the outside comer, B, of the nozzle (see Figure 3.2).
According to John F. Harvey [18], the peak stresses can be minimized at the inside
comer, A, by rounding this comer to a radius equal to 25 to 50 percent of the thickness
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of the vessel wall. The outside comer, B, can also be altered by rounding with a radius
ofthe same proportion or by applying a taper with a transition radii.
However, E. C. Rodabaugh [19] states that, at A, there is no significant effect on
the maximum stress, from changing the square comer to a rounded comer as shown in
Figure 3.4. ABAQUS results indicates that for both cases, the maximum stress is the
hoop stress, S33, and has the value of 2.077 for the square edge and 1.948 for the
rounded edge for an applied load of 1.0 ksi, which indicates a stress reduction is only 6.2
percent. Von-Mises stress intensity is 2.055 for the· square edge and 1.869 for the
rounded edge, resulting in a stress reduction of 9.1 percent. These results suggest that
for the inside comer, the square geometry-has~ little effect on the maximum-stress.- In-
both cases, hoop stress plays an important role for the crack propagation in the
proximity ofthe hole.
In addition, the ABAQUS results show that stresses at the outside comer, B, are
smaller tha:o. those at the inside comer, A. At both comers, longitudinal and hoop
stresses are tensile .and are compared in Figure 3.5. The figure shows that, even though
the longitudinal stress of the inside comer at location 20 is smaller than that of the
outside comer, the hoop stress of the inside comer is much greater. It can be assumed
that a crack will begin at the inside comer with a direction normal to the hoop stress.
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3.2 ELASTIC ANALYSIS
3.2.1 Geometry
The dimensions for the square plate with a nozzle are the same as the dimensions
ofthe plate in previous chapters, except for the addition of a nozzle with thickness tn and
height of 1 inch. A plate with a symmetric nozzle is considered to investigate the effect
ofthe nozzle on the stress concentration factor (SCF). The model for the finite element
mesh is shown in Figure 3.6 and a schematic ofthe nozzle is shown in Figure 3.7.
3.2.2 Effect of Nozzle
In order to examine the effect of a nozzle, it is assumed that the nozzle extends
symmetrically on both sides of the plate; this removes the effect of th~ bending that
occurs if the nozzle is not symmetrical and it is desired to isolate the effect of the nozzle
for SCF = 3. An asymmetry will ca"!se local bending near the nozzle and affect the SCF.
With the nozzle in place, the ge?metric parameters are a, b, t, and the thickness
of the nozzle is tn. These parameters are divided by the plate thickness t, resulting in
dimensionless ratios, alt, bIt, and tJt. For a hole without the nozzle, tn = 0, and the SCF
is independent of alt, provided bIt is large enough. Once the nozzle is added, the SCF
varies with respect to two parameters, alt and to It.
Elastic analysis ofthe plate witp a symmetric nozzle with an applied edge tra<!tion
,"
caused by in-plane forces in the far;.field, determines the values for the SCF and the
results are shown in Table 3.1 and Table 3.2; "Mises" is the maximum von Mises stress
c:
intensity, "Far" is the stress in the far-field, "EL#" is the number of the element where )
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the maximum stress is found, and "SCF' is the stress concentration factor obtained by
dividing "Mises" by "Far". The results in Table 3.1 and Table 3.2 are determined
employing the ABAQUS FE code and the KSHEL program. Also, high stresses are
found at both the plate and the nozzle part.
According to the results in Table 3.1, even if the plate thickness is greater than
the thickness ofthe nozzle, the nozzle stresses and calculated SCF value are greater than
those of the plate. When the thicknesses of the plate and the nozzle are the same in
magnitude, the SCF at the nozzle is also greater. For example, when the thickness of the
plate, t, is 0.5 and the thickness ofthe nozzle, tn, is 0.125, giving the ratio of thickness tn
It = 0.25, the SCF at the nozzle is 3.456 and exceeds three. This indicates that in the
nozzle, reverse yielding per cycle is produced. This special case will be treated later in
detail employing plastic analysis.
In the plate, it is found that, depending on the plate and the nozzle wall thickness,
these values lie between 1.242 'and 2.158. The magnitudes of the elastic SCF for all
cases do not exceed three; upon adding a nozzle, the maximum stress is reduced in
comparison to that ofthe plate with a hole. This result indicates that the nozzle acts as a
reinforcement to the plate. Table 3.2, including KSHEL results, also indicates similar
results as Table 3.1.
The location of the maximum stress is also investigated. As shown in Table 3.1,
when the thickness of the nozzle is increased, the maximum stress location moves from
EL20 to EL10; when the nozzle thickness increases, the nozzle becomes a powerful
reinforcement. The ABAQUS results indicate that at EL 1 in Figure 3.7, the longitudinal
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compression with small tension in S11 occurs for a thin. nozzle, while the longitudinal
tension with large tension in S11 is produced for a thick nome. In other words,
resisting force against compression increases as the thickness of the nozzle increases.
For EL20, unlike EL 1, the resisting force against the traction increases. Therefore, the
-maximum_compressive_and-tensile-stresses-can-not-be-found-at-EL-I-or-EL20,-clearly~ ....
shown in Figure 3.8 through 3.l;O,.when comparing the results between the thin and the
thick nozzle. Figure 3.8 displays the distribution ofthe SII stress component and Figure
3.9 displays the distribution ofthe S22 stress component. In both figures, the location of
the maximum stress ofthe S11 component and the location of the minimum stress of the
822 component of the thick nozzle, are found in the middle elements and not the end
elements as expected. Correspondingly, the maximum stress intensity is found at the
middle element, ELI 1 for the thick nozzle, as shown in Figure 3.10.
3~2.3 Results of Asymmetric,Nozzle
The asymmetric nozzle model applied by the edge traction, is analyzed and the
result is shown in Table 3.3. Compared to Table '3.1, all calculated values of the SCF in
Table 3.2 are greater than those in Table 3.1. For a thin nozzle, the SCF at the plate
approaches three, 2.793 to 2.938, and the SCF at the nozzle increases to 3.713; this
indicates that the SCF is now affected by the bending resulting from the asymmetry of
the nozzle.
The location of the highly stressed element is considered in this model.
ABAQUS indicates that the highly stressed location is also affected by bending, as a
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secondary effect of the traction. In the model for a symmetric nozzlet the location
changes depending on the thickness of the nozzlet unlike the very thin nozzle where the
thickness does not affect the location. Howevert in the present modelt its location is
consistent except for very thick nozzlest as shown in Table 3.3.
Even-if-there-are some .differences-between-the-results-from-the-analysis~QL tbe
symmetric and the asymmetric nozzlet for both instancest the nozzle itself seems to act as
a-reinforcement to the plate. Moreover, because the thick nozzle is commonly used for
- -------- ----~-----------.._~-_.- ------ ------
constructing modem pressure vesselst it can be stated that the above result is worth
further investigation.
3.3 PLASTIC ANALYSIS
Plastic analysis is performed to estimate the strain range for the case in which the
SCF ofthe nozzle exceeds three and is highest at t = 0.5 and tn = 0.125t • When the far-
field stress is 26.67, the elastic solutfon indicates that the maximum stress intensity is
99.13 at the nozzle and 74.57 at the platet confirming the SCF in Table 3.3. The
equivalent elastic strains are calculated as Ecq = 0.00290 at the nozzle part and Eeq =
0.00257 at the plate part.
From plastic analysist Figure 3. 11 and 3. 12 are' obtained. The stress-strain
history curve of Figure 3.11 indicates thatt shakedown is achieved at both inside and
outside surfaces ofthe plate for an in-plane force of2Y/3. - Capital letters in Figure 3.12,
A through F, corresponds to those in Figure 3.11. For EL20 in the Platet indicated in
Figure 3.12t yielding starts at Point A and continues to Point'C for a yield strength of
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40.0. Unloading at EL20 follows the elastic curve in Figure 3.11, down to Point D
without reverse yielding. It is seen in Figure 3.12 that Point D is placed below the line of
the yield strength, Y = 40.0.- For EL5019 in the nozzle, indicated in Figure 3.12,
unloading at the inside surface of ELSO19 follows the elastic slope up to Point D and
then reverse yielding to Point E. The same pattern can be found for further cycles in the
figure.
The cyclic equivalent strain range is calculated using equation (2-12), as ERange =
0.00297 for the nozzle and ERange = 0.00257 for the plate. The results indicate that the
cyclic equivalent strain range at the plate under shakedown is equal to the equivalent
strain range for the elastic solution. However, for the nozzle with reverse yielding, its
value from the plastic solution is greater than that of the elastic solution, which indicates
that the plastic strain is produced per cycle, at the nozzle parts, and results in the
reduction of its lifetime. Here again, it is proven that accurate results are obtainable only
through elastic-plastic analysis.
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Figure 3.1 Finite Element Mesh for Square Plate with a Nozzle
Nozzle
Plate
B
Figure 3.2 Finite Element Mesh for the Section of Square Plate
with a Nozzle
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Figure 3.6 Finite Element Mesh for Square Plate with a Symmetric Nozzle
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Figure 3.7 Finite Element Mesh near the Symmetric Nozzle
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Figure 3.8 Distributions o(SII Stress Component around the Nozzle
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Figure 4.2 Finite Element Mesh for Torispherical Head
with a Nozzle at the Knuckle
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Figure 4.3 Finite Element Mesh near the Nozzle
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Figure 4.5 Deformed Shape of Torospherical Head without
a Nozzle at the Knuckle
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Table 4.1 Elastic SCF in torispherical head with lin. diameter hole and nozzle
(Thicknesses in inches. Stresses in ksi)
t tn Mises (max) EL# Far SCF
Head Nozzle Head Nozzle (Mises) Head Nozzle
0.125 4.128 2020 1.477 2.795
0.125 0.125 2.976 3.412 2020 5020 1.472 2.022 2.318
0.125 0.25 2.533 2.138 2020 5020 1.471 1.722 ·1.453
0.25 0.125 1.097 1.852 2020 5020 0.6757 1.624 2.741
0.25 0.25 1.076 1.221 2020 5020 0.6744 1.595 1.810
0.25 0.375 1.096 0.9043 2020 5020 0.6736 1.627 . 1.342
0.25 0.5 1.142 0.6972 2020 5020 0.6731 1.697 1.036
0.375 0.125 0.8882 1.119 2011 5020 0.4134 2.149 2.707
0.375 0.25 0.5971 0.8181 2011 5020 0.4124 1.448 1.984
0.375 0.375 0.5967 0.6305 2020 5020 0.4117 1.449 1.531
0.375 0.5 0.6377 0.5006 2020 5020 0.4112 1.551 1.217
0.5 0.125 0.5904 0.7387 2011 5020 0.2877 ·2.052 2.568
0.5 0.25 0.4999 ·0.5829 ·2011 5020 0.2871 1.741 2.030
0.5 0.375 . 0.4248 0.4695 2011 5020 0.286.6 . 1.482 1.638
0.5 '0.5 0.3889 0.3833 2020 5020 0.2862 1.359 1.339
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Chapter S
CONCLUSIONS
Finite element method is widely used in current engineering practice to analyze
complicated geometries. By using this method, all results in this thesis were obtained.
The ABAQUS FE code was used to analyze simple and complicated models. From
analyzing a simple model, the square plate with a hole and a nozzle, the following results
were obtained:
1) The ABAQUS element S8R is the appropriate element for modeling the
geometries considered in this thesis because the effect of transverse shearing is needed in
the plastic analysis.
2) Ifthe primary stress field is limited to two thirds of the yield strength, shakedown
is ensured for a SCF not exceeding three.
3) When plastic action occurs, the strain concentration factor (ECF) is greater than
the elastic stress concentration factor (SCF) for a hole without nozzle. This means that
the strain range calculated by elastic analysis is unconservative if shakedown does not
occur. Thus, the use of an elastic-plastic large deflection analysis can lead to a more
economical design ofa structure than an elastic analysis.
4) The cyclic strain range can be easily calculated by multiplying the yield strength in
a ABAQUS input file by two.
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5) In plastic region, when the .far-field stress is reduced back to zero after fITst
yielding, the strain range should be considered as an important factor instead of the
stress and strain concentration factors (SCF, ECF) because the calculation of those
factors at unloading step is meaningless.
6) When combined in-plane forces and moments are applied along an edge of the
square plate with a hole, the SCF is reduced by 22.7 to 50.7 percent.
7) From analyzing the axisymmetric model of the plate with a nozzle, it is
determined that the maximum stress is the hoop stress and its magnitude at the inside
comer is greater than that of the outside comer.
8) When a thick nozzle is attached to the plate, the location ofthe maximum stress is
moved from the end of the hole to the middle.
9) A nozzle can lower the elastic SCF considerably.
These results are presented for the relatively simple model of a square plate.
They are useful for a comparison with the much more complicated model of a nozzle in
the knuckle of a torispherical head. The major difference between the head and the
plate is that the head strengthens as it deforms while the plate does not. Another
difference is that, if designed by plastic analysis, the stresses around the nozzle in the
knuckle of a head are not subjected to specific stress limits.
And, from analyses of the torispherical head with a nozzle in the knuckle, the
conclusions were the following:
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10) If TOROIDAL MAP function of ABAQUS is employed to make the fInite
element mesh of a geometry, the ORIENTATION card should be added to the
ABAQUS input fIle to get a correct result from the analysis.
11) The elastic stress concentration factor (SCF) is decreased by an increase in the
nozzle thickness (hole size remaining the same), which is expected by the reinforcement
that the nozzle i'rovides to an unreinforced hole. Therefore, the results in Table 4.1 can
be used in estimating the stress concentration factor. It is concluded that an assumed
SCF = 3 overestimates the stress signifIcantly.
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